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Fluid and solute transport in CAPD patients using ultralow sodium
dialysate. Transcapillary ultrafiltration during CAPD is determined by the
ultrafiltration coefficient of the peritoneal membrane and by Starling
forces, the latter being mainly determined by the osmolality of the
dialysate. Dialysate sodium concentration decreases during a dwell, im-
plying that: (1) sodium passes the peritoneal membrane to a lesser extent
than H20, and (2) more H20 than sodium is removed in overhydrated
patients. We therefore compared two dialysate solutions with similar
osmolality, but different sodium concentration (Nat 129 mmol/liter and
102 mmol/liter). Two peritoneal permeability tests (2 X 6 hrs, dextran 70
as volume marker) with an interval of two days were performed in 10
CAPD patients. Transcapillary ultrafiltration rate was higher with ultralow
sodium dialysate (USD) than normal sodium dialysate (NSD): 1.80 0.16
mi/mm versus 1.58 0.18 (P < 0.01). It was especially higher during the
last two hours of the dwell: 0.49 0.12 mI/mm (USD) versus 0.27 0.13
(NSD). The effective lymphatic absorption rate was not different: 1.01
0.12 mI/mm (USD) versus 1.05 0.09 (NSD). Using two different kinetic
models, the reflection coefficients for glucose, sodium and chloride were
0.032, 0.029 and 0.027 (for the convection model) and 0.033, 0.030 and
0.027 (for the diffusion model). As a consequence the decline in osmotic
pressure was more gradual during the exchange with USD. The peritoneal
membrane characteristics, that is the effective peritoneal surface area and
the peritoneal restriction coefficient, were not altered by the composition
of the dialysate. The mass transfer area coefficient (MTC) of sodium (23
D) was 8.3 1.1 mI/mm and of chloride (35.5 D) 9.4 1.0 mI/mm, both
after correction for Gibbs-Donnan equilibrium. It implies that these
electrolytes were transported at a lower rate than expected on basis of
their molecular weight. This phenomenon is most likely caused by
interaction of these ions with H20 molecules. The unexpected high MTC
for potassium may be due to the release of potassium from the cells after
the intraperitoneal instillation of acid, hyperosmolar dialysate. Sodium
and chloride loss increased with US dialysate: Na 71 5 mmol (USD)
versus 21 6 (NSD) (P < 0.001) and Cl 78 6 mmol (USD) versus 26
6 (NSD) (P < 0.001). As a consequence, plasma sodium, chloride and
osmolality decreased with USD. The decline in plasma volume with USD
was probably caused by a combination of a decreased plasma osmolality
and a larger ultrafiltration. It is concluded that USD may be beneficial in
clinical practice for CAPD patients with fluid overload and sodium excess.
Fluid overload is one of the complications of CAPD [1—4]. It
can be caused by impaired transcapillary ultrafiltration due to a
rapid disappearance of glucose into the systemic circulation, or by
a high absorption of fluid into the lymphatic system [5, 6]. Excess
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of water is generally accompanied by excess of extracellular
sodium. As a result of the apparent sieving of sodium during
peritoneal dialysis using dialysate with a high glucose concentra-
tion, hypernatremia has been reported [7]. It is likely that this
sieving can be explained by a three pore model [8, 9]. In such a
model transcapillary ultrafiltration due to hydrostatic and colloid
osmotic forces is across the so-called "small pores" (radius about
40 A). They may be represented by the intercellular clefts present
in the vascular endothelium of the continuous type [10]. Crystal-
loid osmosis induced by glucose is, however, to a large extent
through transcellular water channels with a pore size of 2 to 5 A,
allowing the transport of water but not of solutes [8, 9].
It has recently been reported that sodium excess in CAPD
patients with fluid overload could be treated by using dialysis
solutions with a very low sodium concentration [11, 12]. A
decrease in body weight and blood pressure was found after a nine
day treatment period using an ultralow sodium (98 mmol/liter)
solution once or twice daily [11]. The peritoneal fluid kinetics
were not studied. Also, the transport of electrolytes like sodium
and chloride was not published. In humans, values for the mass
transfer area coefficient (MTC) of sodium have been reported
that range from 5 mI/mm, calculated during dwells with 3.86%
glucose dialysate [13, 14] to values of 19 ml/min obtained using
computer simulations [9]. Since dialysate electrolyte concentra-
tions are close to their plasma concentrations, large errors can be
made in the calculation of the MTC of these solutes [15]. Hence,
more accurate transport characteristics for sodium and chloride
can be obtained when using ultralow sodium dialysate.
The aim of the present study was to assess the effect of ultralow
sodium dialysate on: (1) the peritoneal fluid kinetics, especially
the transcapillary ultrafiltration, and on (2) the transport of
sodium and chloride. In addition, these results were used in two
three-pore models of peritoneal transport [16], in order to calcu-
late the reflection coefficient of the ciystalloids used and the
osmotic forces exerted by each of them.
Methods
Patients
Two peritoneal permeability tests with an interval of two days
were performed in ten stable CAPD patients (3F/7M), with a
mean age of 48 years (range 22 to 69). The causes for renal
replacement therapy were diabetic nephropathy (2), chronic
glomerulonephritis (3), renal vascular disease (2), hypertensive
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nephropathy (1) and unknown (2). The patients were treated with
CAPD for 3 to 84 months (median 53 months) and were using
commercially available dialysate (Dianea1, Baxter By, Utrecht,
The Netherlands). Mean residual renal function was 2 mi/mm
(range 0 to 11 mi/mm). None of the patients had peritonitis at the
time of the study or in the four preceding weeks. Informed
consent was obtained from all patients after an explanation of the
aim of the study. The protocol was approved by the Committee
for Medical Ethics of the University Hospital of Amsterdam,
Procedure
Both peritoneal permeability tests were performed while the
patients were sitting in a comfortable chair during a six-hour dwell
period. They were studied using two liters of commercially
available dialysate with a normal sodium concentration (Dianeala
2.27%, normal sodium solution): sodium 129 1 mmol/liter
(mean SEM), chloride 94 1 mmol/liter, glucose 121 2
mmol/liter, lactate 34 0 mmol/liter, osmolality 378 2 mOsm!
kg, and with two liters of an iso-osmolar dialysate with an ultralow
sodium concentration (ultralow sodium solution): sodium 102 1
mmol/liter, chloride 66 1 mmol/liter, glucose 177 2 mmol/
liter, lactate 32 0 mmol/liter, osmolality 383 1 mOsm/kg. The
small difference in osmolality of 5 mOsm/kg was within the limits
of the product specification of the manufacturer. Dextran 70
(Macrodex®, NPBI, Emmercompascuum, Amsterdam, The Neth-
erlands) 1 g/liter was added to both dialysis solutions to study fluid
kinetics [17]. Due to the addition of 33.4 ml dextran solution the
electrolyte concentrations in the normal sodium solution are
lower than those given by the manufacturer. The sequence of both
experiments was randomized.
Before instillation of the test solution, the peritoneal cavity was
rinsed once, that is, with the normal sodium solution when this
solution was used, and with the ultralow sodium solution when the
latter solution was studied. The rinsing solution was drained by
gravity immediately after inflow was completed. To ensure maxi-
mal drainage, the patient was asked to stand up a few times when
fluid flow had stopped. Dialysate samples (12 ml each) were taken
at 10, 20, 30, 60, 120, 180, 240 and 360 minutes after completion
of inflow of the test solution. These samples were collected after
a temporal drainage of 100 to 200 ml. Immediately after drainage
of the test solution at 360 minutes, the peritoneal cavity was rinsed
once, similar to the procedure at the beginning of the test.
Samples were taken from this bag for the calculation of the
residual volume, Blood samples were taken at 0, 180 and 360
minutes. After the first blood sample 20 ml of dextran 1 (Prom-
iten®, NPBI, Emmercompascuum) was given intravenously to
prevent possible anaphylaxis to dextran 70 [18]. Sodium intake
during the dwell period was less than 1000 mg in all patients.
Analytical methods
Total dextran 70 was determined in all dialysate samples by
means of high performance liquid chromatography [19]. Hemo-
globin was measured using the cyanmethemoglobin method
(Coulter instruments STKS, Luton, UK). Urea, urate and creat-
mine were measured by enzymatic methods, lactate by the lactate
dehydrogenase method (Boehringer Mannheim, Mannheim, Ger-
many). All electrolytes were determined using ion selective elec-
trodes. Glucose was measured by the glucose oxidase-peroxidase
method. All measurements were done using auto analyzers (SMA,
Bayer Technicon, Terrytown, New Jersey, USA and Hitachi H747,
Boehringer Mannheim). Osmolality was measured with an os-
mometer (Advanced Instruments, INC, Massachusetts, USA).
132-Microglobulin was determined using a microparticle enzyme
immunoassay (IMx® SYSTEM, Abbott diagnostics, North Chi-
gago, Illinois, USA) in the dialysate and blood samples. Albumin,
transferrin and IgG were determined by nephelometry (BN100,
Behring, Marburg, Germany), and a2-macroglobulin by another
nephelometric method (Cobas Bio, Hoffmann-La Roche, Basle,
Switzerland). The lower detection limits and the coefficients of
variation of the protein assays were 0.1 (mg/liter) and 5 (%) for
/32-microglobulin, 1.8 and 2 for albumin, 2.4 and 2 for transferrin,
4.8 and 2 for IgG and 0.5 and 6 for a2-macroglobulin.
Calculations
Fluid kinetics. The peritoneal fluid parameters were calculated
as described previously [17, 20]. Briefly, fluid loss from the
peritoneal cavity is assumed to be mainly determined by lymphatic
absorption, and to a lesser extent by transcapillary backfiltration
by the colloid osmotic pressure gradient. Lymphatic absorption
includes all pathways of lymphatic drainage from the peritoneal
cavity, both subdiaphragmatic and interstitial. This convective
fluid loss by absorption into the lymphatic system can be mea-
sured as the clearance of intraperitoneally administered dextran
70. The calculated dextran clearance is the effective lymphatic
absorption rate. The term "effective" is introduced analogous to
the effective renal plasma flow, because a clearance is used to
estimate flow. The dilution of dextran 70 was used to calculate the
changes in the in situ intraperitoneal volume after correction of
incomplete recovery. The transcapillary ultrafiltration was calcu-
lated as the sum of the change in in situ intraperitoneal volume
and the effective lymphatic absorption.
Solute kinetics. The mass transfer area coefficients (MTC) of
urea, creatinine, urate, sodium, potassium and chloride were
calculated according to the model of Waniewski et al [21], in
which the solute concentration in plasma was expressed per
volume of plasma water [22]. For the electrolytes the plasma
water concentration was also corrected for the Gibbs-Donnan
effect by multiplication with 0.95 for sodium and potassium and
1.05 for chloride [23]. Due to near equilibrium of solutes like urea
and creatinine after a dialysis period of six hours, the MTC's were
calculated over the first four hours of the dwell. As the initial
dialysate sodium and chloride concentrations in the normal
sodium solution are near plasma concentrations, the MTC's of
these electrolytes were only calculated during the experiments
with the ultralow sodium solution. Furthermore, the MTC's of all
solutes were determined during the first hour of the dwell period
and also during the subsequent three hours.
The amount of sodium and chloride loss during the dwell
period was calculated using:
- V0D0 (1)
in which V360D360 is the amount at 360 minutes and V0D0 the
amount 10 minutes after the instillation of the test solution, that
is, at the first time point that the in situ intraperitoneal volume was
determined.
The protein clearances were calculated as described previously
[20]. Their values were used to calculate the peritoneal restriction
coefficient, representing the intrinsic permeability of the perito-
neal membrane. This parameter is the slope of the power
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relationship between the protein clearances of the five above-
mentioned proteins and their free diffusion coefficients in water,
as has been described previously [24, 25]. The values that were
used for the free diffusion coefficients in water (D20, in cm2s'
10—v) were: 132-microglobulin 13.3 [26]; albumin 6.1, transferrin
5.0, IgG 4.0 and a2-macroglobulin 2.41 [27].
Osmotic pressure and reflection coefficient. The transcapillary
ultrafiltration rate was determined by the ultrafiltration coefficient
of the peritoneal membrane, that is, the product of the hydraulic
permeability and the peritoneal surface area, and the Starling
forces. All experiments were analyzed for each individual, assum-
ing that the ultrafiltration coefficient and the hydrostatic and the
colloid osmotic pressure gradient were not different during both
experiments (Discussion). Therefore, differences in the trans-
capillary ultrafiltration rate between the normal sodium solution
and the ultralow sodium solution were considered to be caused by
differences in the osmotic pressure gradients exerted by glucose,
lactate, urea, sodium and chloride. The osmotic pressure gradi-
ents exerted by creatinine, urate and potassium were not included
in the analysis because of their low concentrations. According to
Van't Hoff's law the crystalloid osmotic pressure gradient (SO)
can be calculated using:
0= O'RThC
in which a- is the reflection coefficient, RT the product of the gas
constant and the absolute temperature, and C the concentration
gradient of a solute in blood and dialysate. The reflection
coefficient (a-) of a solute across a set of pores can be calculated
using [28]:
16(ae\2 20/a3 7(ae\4
cr—l--l —--i-H +—i---3\rJ 3\r) 3\r (3)
in which ae is the solute radius and r the pore radius. Hence, the
solute radii of the above-mentioned crystalloids and the small (r5)
and large (rL) pore radii of the peritoneal membrane are needed
to calculate this parameter. The diffusion radii of urea, creatinine
and urate were: 1.48 A, 2.30 A and 2.51 A as calculated by us
previously [16]. The radii for glucose and lactate were determined
by calculating their free diffusion coefficient (D) values, obtained
using the principles of Wilke and Chang [29]. These values were
used in the Einstein-Stokes equation to calculate ae:
RTD =
6nWae
(4)
In this equation N is Avogadro's number and ij is the water
viscosity. Accordingly, the radius of glucose was 2.94 A and that of
lactate 1.95 A. The principles of Wilke and Chang [29] could not
be used for the electrolytes, because of their hydration shells.
Therefore, the D20 values of sodium and chloride were obtained
from the power relationship of the MTC of urea, creatinine, urate
and f32-microglobulin and their free diffusion coefficients in water,
by means of interpolation of the mean MTC values of sodium and
chloride. The radius calculated in this way was 2.68 A for sodium
and 2,42 A for chloride. For estimation of the pore radii of the
small and large pores, the values found in two recently reported
kinetic models were used [16]. Briefly, in the convection model as
first described by Rippe and Stelin [8], the transport of macro-
molecules across the large pores was assumed to be determined by
hydrostatic convection. The mean pore radii we found with this
model were 48 A for the small pores and 184 A for the large pores
[16]. In the diffusion model, in which diffusion was assumed to be
the transport mechanism for macromolecules through the large
pores, we calculated a small pore radius of 43 A and a large pore
radius of 1028 A. The average reflection coefficient for each solute
across the peritoneal membrane consists of the sum of the
reflection coefficients of each pore set weighted by their respective
fractional ultrafiltration coefficient (that is, a5, aL and ac),
according to [9]:
if = acoC + ascYs + aL(TL (5)
The fractional ultrafiltration coefficient depends on the ratio of
the surface area of the small and the large pores. Different
fractional ultrafiltration values were used in each model as
differences were found in these parameters with the two different
models [16]. For the convection model the fractional ultrafiltra-
tion coefficient values reported by Rippe et al [8] were used: a =
0.015, a5 = 0.929 and aL = 0.056. For the diffusion model a was
fixed at 0.015, but for a5 and aL values of 0.782 and 0.203 were
calculated [16]. In addition, in both models the reflection coeffi-
cient across the transcellular pores (a-c) is by definition equal to
unity, because of its impermeability for solute transport.
(2) Plasma volume. The plasma volume at 0, 180 and 360 minutes
was estimated using the patients body weight and the hemoglobin
values at these time points. At the start of each experiment the
plasma volume (PV0) was assumed to be equal to 4.5% of the
body weight [23]. At 180 and 360 minutes after the start of the
experiment the plasma volume was calculated using:
Hb0
PVt = jPVo (6)
in which PV and Hb are the plasma volume and the hemoglobin
value at 180 or 360 minutes.
Statistical analysis
All experiments were analyzed individually for the determina-
tion of fluid and solute kinetics and the changes in osmotic
pressures and plasma volume. Results are given as mean values
SEM. The paired Student's t-test was used for comparison of the
two groups. Regression and correlation were calculated by the
method of least squares. A 95% confidence interval of the
correlation coefficients was calculated using Fisher's Z transfor-
mation [30]. The mean pore radii obtained with the convection
model and the diffusion model [16] were used for the calculation
of the solute reflection coefficients.
Results
Fluid transport
The parameters of fluid transport are given in Table 1. Mean
transcapillary ultrafiltration rate was higher during the ultralow
sodium solution than during the normal sodium solution. It was
especially higher in the last two hours of the dwell period (Fig. 1).
The effective lymphatic absorption rate was not different during
both experiments. As a consequence, the net ultrafiltration after
six hours was higher with the ultralow sodium solution than with
the normal sodium solution.
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Table 1. Peritoneal fluid kinetics (N = 10, mean values SEM) during
dwell periods in which a normal sodium concentration was used and
during the experiments with an ultralow sodium concentration in the
dialysate
Normal
sodium
Ultralow
sodium
Net ultrafiltration at 6 hrs ml 185 48 278 52k'
Mean transcapillary ultrafiltration 1.58 0.18 1.80 016b
rate during 6 hrs rn//mm
Effective lymphatic absorption 1.05 0.09 1.01 0.12
rate mi/mm
Solute transport
The peritoneal solute kinetics are given in Table 2. The mass
transfer area coefficients and clearances of all solutes were similar
during both experiments. Hence, the effective peritoneal surface
area and the intrinsic permeability were not different during both
tests. Furthermore, the mass transfer area coefficients of all low
molecular weight solutes were higher during the first hour of the
dwell than during the three hours thereafter (Fig. 2). This was
especially the case for potassium and urea.
Sodium and chloride removal was three times higher with the
ultralow sodium solution than with the normal sodium solution.
The sodium loss after a six hour dwell was 21 6 mmol (normal
sodium) and 71 6 mmol (ultralow sodium) (P < 0.0001), the
chloride loss was 26 6 mmol (normal sodium) and 78 6 mmol
(ultralow sodium; P < 0.000 1). The plasma concentration of these
electrolytes was marginally lower at the end of the dwell when
using the ultralow sodium solution sodium P0 139 1 mmol/liter
versus P360 138 1 (P = 0.06), and chloride P0 109 2 mmol/liter
versus P360 106 2 (P < 0.001). No changes were found in the
plasma concentrations of sodium and chloride with the normal
sodium solution.
Osmotic pressure and reflection coefficient
The osmolality of the ultralow sodium solution was higher than
the osmolality of the normal sodium solution at all time points
Table 2. Peritoneal solute kinetics (N 10, mean SEM) in the
experiments with the normal sodium concentration dialysate and the
ultralow sodium concentration solution
Normal
sodium
Ultralow
sodium
MTC mi/mm
urea 180 0.9 17.6 1.0
creatinine 11.5 1.0 11.1 1.1
urate 8.6 0.7 8.3 1.0
potassium 16.4 1.5 15.2 1.6
sodium
—
8.3 1.1
chloride 9.4 1.Oa
Protein clearances sl/min
132-microglobulin 1094 110 1077 117
albumin 92 10 95 12
transferrin 74 9 75 11
IgG 42±4 43±6
a2-macroglobulin 11.2 2.6 13.8 4.2
Restriction coefficient 2.69 0.12 2.69 0.13
0
0-1 hr 1-4 hr
Fig. 2. The mass transfer area coefficients (MTC's, N = 10) of urea,
creatinine, urate, potassium, sodium and chloride during the first hour of the
dwell period compared to the MTC values of the three following hours. P <
0.01 (chloride), P < 0.005 (creatinine), P < 0.0001 (urea, potassium).
(Fig. 3A). The reflection coefficients of the low molecular weight
solutes are shown in Table 3. The resulting osmotic pressure,
exerted by both solutions obtained by the convection model, is
shown in Figure 3B. It was higher with the ultralow sodium
solution at all time points during the dwell period. Assuming first
order kinetics for the decline in the osmotic pressure during the
dwell, the elimination coefficient was higher for the normal
sodium solution (slope —2.34 X i0 8.34 X 10) than for the
ultralow sodium solution (slope —2.21 X iO 1.37 X iO,
P < 0.05) (Fig. 4). The individual correlation coefficients of this
plot ranged from —0.979 to —0.998, with a 95% confidence
interval of —0.992 to —0.997 implying that good fits were ob-
tained.
a p = 0.07, bP < 0.01 compared to the normal sodium solution
0
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Fig. 1. The mean transcapiliaiy ultrafiltration rates (TCUFR) in all patients
obtained with the normal sodium solution (0) and the ultra/ow sodium
solution (•) for the first, middle and the last two hours of the dwell period.
< 0.05 versus the normal sodium solution.
a P < 0.05 compared to the MTC of sodium during the ultralow sodium
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chloride
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Table 3. The reflection coefficients (X 10-2) of the low molecular weight solutes, calculated when using the convetion model and when using the
diffusion model
Solute
Convection model Diffusion model
O S L s °L
Urea
Creatinine
Urate
Lactate
Glucose
Sodium
Chloride
1.95
2.58
2.77
2.28
3.23
2.94
2.69
0.49
1.15
1.36
0.84
1.85
1.55
1.27
0.034
0.082
0.098
0.059
0.133
0.111
0.091
1.97
2.62
2.82
2.31
3.29
3.00
2.73
0.60
1.43
1.69
1.04
2.29
1.91
1.57
0.001
0.003
0.003
0.002
0.004
0.004
0.003
For each model the average reflection coefficient across the peritoneal membrane (o') and the fractional reflection coefficients over the small and large
pores (that is, 0'L and L) are given.
Plasma volume
The plasma volumes (PV) at 180 and 360 minutes during the
experiments with the normal sodium solution were not different
from the initial plasma volume: PV0 3.09 0,16 liter, PV180 3.06
0.14, PV360 3.02 0.14. Differences in the plasma volume were
found when the ultralow sodium solution was used: PV0 3.09
0.16 liter, PV180 2.97 0.14 (P < 0.05 vs. PV0), PV360 2.98 0.12
(P = 0.08 vs. PV0). In addition, the total serum protein concen-
trations increased during the dwell period when the ultralow
sodium solution was used: 67.0 g/liter (before) to 70.0 glliter (end)
(P < 0.05), but remained unchanged during the normal sodium
solution: 68.6 g/liter (before) and 69.3 glliter (end).
Discussion
The use of ultralow sodium dialysate in CAPD patients during
a six-hour dwell period resulted in a higher transcapillary ultra-
filtration rate. Furthermore, the decline in the osmotic pressure
during the time course of the dwell was less pronounced in the
ultralow sodium solution than in the normal sodium solution. Also
an increased sodium and chloride loss and a fall in plasma volume
during the exchange with ultralow sodium dialysate were found.
The mass transfer area coefficients of sodium and chloride were
much lower than was expected on the basis of their molecular
weight.
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Fig. 3. The time course of the dialysate osmolalily
(A) and the osmotic pressure obtained with the
convection model (B) with the normal sodium
solution (0) and the ultralow sodium solution (•)
(N = 10, mean values SEM). < 0.05, <
0.01, P < 0.005 when compared to the normal
sodium solution.
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Fig. 4. The decline of the osmotic pressure with the normal sodium solution(0) and the ultralow sodium solution (•) (N = 10, mean values). For the
normal sodium solution a slope of —2.43 X iO and for the ultralow
sodium solution a slope of —2.21 >< iO was found (P < 0.05).
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vector indicates fluid removal. A body fluid variation in both
directions in the same patient causes a symmetric backward and
forward shift of the vector on the RXc plane (Fig. 4). Therefore,
the aim of therapy is to bring the individual vector back into the
75% tolerance ellipse towards the reference target point (that is,
the crossing of the reference, sex-and-race specific ellipse axes), or
better to a previously recorded healthy target point for that
patient. As a working hypothesis, we believe that a progressive
shortening and down-sloping of the impedance vector could
correspond to a progressive shift to the right of the interstitial
pressure-volume curve [41, whose sudden increase in the slope
(positive pressure with the appearance of free fluid and edema)
could occur when the impedance vector falls out of the lower pole
of the 75% tolerance ellipse. The intra-subject variation of the
interstitial negative pressure (gel hydration) could be described by
impedance vector displacement within the 75% tolerance ellipse
before clinically detectable fluid volume variation. The impedance
vectors of patients falling out of the upper 95% and 75% poles of
the tolerance ellipses indicate dehydration (Fig. 4, ARF vector),
also clearly shown after the transformation of the measurements
obtained in cholera dehydration [6] onto the 'RXc mean graph"
(Fig. 2). Since our study was designed to find BIA thresholds for
fluid overload, the relationship between BIA and dehydration
requires further investigation.
Most obese patients fell within the left half of the 75%
tolerance ellipse. Interestingly, an increased ratio of extracellular
to intracellular water in obesity [151 and mean impedance values
for obese females close to ours [16] have been reported in
literature (Fig. 2). Extremes of lean body mass such as in athletes
[17] or wasting conditions, such as AIDS [18] and anorexia
nervosa [191, do not show a shortening of vectors with respect to
CS group, but a displacement either upward or downward,
respectively (Fig. 2). These observations can open new horizons
for the use of the RXc graphs in monitoring the body composition
and the nutritional status of patients with or without fluid
disorders [20].
We used the conventional, whole-body BIA measurement
(tetrapolar, with 50 kHz stimulation frequency) which reflects
total body water with the best accuracy required for clinical
evaluation and with a greater history of validation [1—3, 5, 6, 8, 11,
15, 21—25], but the RXc graph method might yield better results
with different BIA techniques, in particular combining multifre-
quency with different electrodes placements [26—281. However,
following the traditional BIA approach, where the accuracy of
formulae predicting the volume of total body water and the
fat-free mass is significantly improved by the inclusion of variables
such as weight, age, and sex in addition to the impedance index
H2/R [1, 2], the user should be familiar with the equation supplied
by the manufacturer of the impedance analyzer and know which
"gold standard" body composition technique and reference pop-
ulation were used to generate the equation. Operating with the
RXc graphs only requires plotting direct RIH and Xc/H measure-
ments on the reference population distribution, which allows one
to decide whether a patient has maintained normal hydration
forfeiting prediction of total body water in liters. If the former
estimates of volume and mass are of interest, and the patient's
impedance vector lies within the 75% tolerance ellipse, the
traditional prediction formulae can be applied with confidence.
Until now we have considered steady-state conditions but pilot
studies indicate a useful application of our RXc graph method in
dynamic situations as well, when fluid is removed (dialysis, and
extracorporeal ultrafiltration) or infused (hydration and total
parenteral nutrition). Indeed, rigorous studies are necessary to
establish the correspondence between impedance vector displace-
ment over the RXc plane and subtle body fluid variation. The
greatest potential use of the method might be in those patients in
whom baseline impedance vectors (at least 10 points, to achieve
reasonable tolerance intervals) have already been measured in the
healthy condition, so that subsequent changes away from their
own smaller tolerance ellipses might be significant even if they
remained within the reference population 75% tolerance ellipse.
In conclusion, we found a bioimpedance threshold for fluid
overload and a useful innovative graphical method for identifica-
tion, monitoring and therapy planning of renal patients with
altered fluid balance using direct bioimpedance measurements
and following a new bivariate vectorial approach. Further rigorous
studies are necessary to define whether the method proves to be
generally applicable to a variety of different clinical situations.
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Appendix
For readers less familiar with multivariate analysis, we report the basic
definitions of multivariate confidence and tolerance intervals as well as
formulae for their calculations in the particular case of the assumption of
the bivariate normal distribution for the RXc graph.
Confidence interval is the inferential statistical interval for a given
parameter (such as a mean value) investigated. It is the region in the
parameter space to which is assigned the probability 100(1 — a)% (a is
some fixed probability, typically 0.05) that the parameter vector lies within.
The confidence interval of the mean of the univariate normal distribution
is formed by two values (limits), while the interval of the mean vector of
the multinormal distribution is an ellipsoid centered at the mean vector,
which reduces to a hypersphere when the correlation coefficients between
pairs of variables are zero. When the confidence ellipsoids of two mean
vectors overlap, the null hypothesis of equality of the two mean vectors
cannot be rejected with the significance level a. The 95% confidence
ellipses of several impedance mean (bivariate) vectors are depicted in
Figure 1.
Tolerance interval is the probability interval within which a specified
proportion of a distribution (such as a population) will lie with a fixed
probability 100(1 — a)%. The a values are selected for the particular
descriptive or inferential purposes, typically ranging from 0.5 (median),
0.75 (third quartile), to 0.95 or 0.99 (95th or 99th percentiles). Such
interval can be used to decide whether particular observations (individual
vectors) are from the same population as a previous sample, used to
determine the interval. The tolerance intervals of the multinormal distri-
bution are ellipsoids (contours of equal concentrations centered at the
mean vector), which reduce to hyperspheres when the correlation coeffi-
cients between pairs of variables are zero. Figure 3 depicts the 75% and
95% tolerance ellipses for our healthy population. Since 25% and 5% of
observations are expected to lie out of the 75% and 95% tolerance
ellipses, respectively, 6.3% and 1.2% are expected to lie out of the contour
of the four ellipses' quadrants, and 5% and 1% will lie out of a 1/5
partition of the ellipses' contour (for example, the lower pole).
Both the confidence and tolerance intervals become smaller with
increasing sample size. But, in a very large population (such as multinor-
mal), while the confidence interval converges to the parameter vector (for
example, the mean vector point), the tolerance interval converges to the
interval corresponding to the quantiles of the population within which lies
the percentage of the (infinite) population to which the tolerance interval
relates (such as the ellipsoid for the particular a value).
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coefficients for potassium can probably be explained by the short
dwell time (that is, 75 mm) and the high 7% glucose concentra-
tions that were used. Since the contribution of transcellular water
transport is highest during short dwell periods with hypertonic
solutions, significant dilution of the dialysate is most likely the
underlying mechanism for the low sieving coefficients found for
potassium. Also the high MTC values of potassium we found
during the first hour after instillation of the dialysate compared
with the MTC during the subsequent three hours support an
intracellular source. Furthermore, the decline in the MTC value
of the extracellular solutes creatinine, urate, sodium and chloride,
was much lower than that of potassium. This also suggests an
additional intracellular source of potassium during the first hour
of the dwell. In addition, the high MTC value of urea may also be
due to some intracellular release of this solute immediately after
the instillation of the dialysate.
Sodium loss and plasma volume
The mean sodium loss of 71 mmol after a six-hour dwell period
with ultralow sodium dialysate was three times higher than the
sodium loss with the glucose 2.27% solution. A similar amount of
sodium loss has also been found by Nolph, Sorkin and Moore [45]
when a higher glucose concentration (glucose 4.25%) was used. In
the latter study more sodium transport was induced by convection.
The ultralow sodium solution was more effective for the removal
of excess sodium than a normal sodium solution with similar
osmolality. This was mainly caused by increased diffusive trans-
port of sodium. As a consequence the plasma sodium (and
chloride) concentration decreased significantly, though margin-
ally, during the dwell period. This resulted in a decrease in the
plasma osmolality. As a consequence a small fluid shift from the
extracellular volume to the intracellular compartment may have
occurred. This could explain the slight decrease in plasma volume
that was found using ultralow sodium dialysate. The same fluid
shift, but quantitatively more important, has been demonstrated
in functionally nephrectomized dogs dialyzed with sodium free,
5% glucose dialysate [33]. A direct effect of the increased net
ultrafiltration on plasma volume seems less likely because this
would imply a slow refilling rate of the intravascular compartment.
However, the additional 93 ml net ultrafiltration with the ultralow
sodium solution, compared with the normal sodium solution, was
in good accordance with the decrease of 110 ml in the plasma
volume. Finally, the decrease in plasma osmolality may also have
reduced the thirst sensation [23]. Since water intake was not
measured in the present study, the contribution of a reduced oral
fluid intake could not be quantified.
It can be concluded that the use of ultralow sodium dialysate is
more effective for the removal of water and sodium from the
circulation than the normal sodium solution. Because the reflec-
tion coefficient of glucose was higher than that of sodium and
chloride, the decline of the osmotic pressure in time was smaller
with the ultralow sodium dialysate. As a consequence, the trans-
capillary ultrafiltration rate was especially higher during the last
two hours of the dwell. The relatively low mass transfer area
coefficients for sodium and chloride are likely to be due to
interactions with H20 molecules. The high MTC of potassium was
attributed to an intracellular release of potassium after instillation
of acidic hyperosmolar dialysate. The large sodium loss in com-
bination with the shift in plasma volume makes this solution
especially beneficial for CAPD patients with fluid overload and
sodium excess. Further investigations are needed to evaluate its
effect during repeated exchanges.
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